Summary &horbar; Protein breakdown plays a major role in muscle growth and atrophy. However, the regulation of muscle proteolysis by nutritional, hormonal and mechanical factors remains poorly understood. In this review, the methods available to study skeletal muscle protein breakdown, and our current understanding of the role of 3 major proteolytic systems that are well characterized in this tissue (ie the lysosomal, Ca 2 +-dependent and ATP-ubiquitin-dependent proteolytic pathways) are critically analyzed. ATP-ubiquitin-dependent proteolysis is discussed in particular since recent data strongly suggest that this pathway may be responsible for the loss of myofibrillar proteins in many muscle-wasting conditions in rodents. In striking contrast to either the lysosomal or the Ca 2 +-dependent processes, ATP-ubiquitin-dependent 
INTRODUCTION
Proteins in skeletal muscle, as in other mammalian tissues, undergo a continuous process of degradation and resynthesis (Waterlow et al, 1978) . Rates of protein turnover regulate the levels of specific muscle proteins. In addition, changes in skeletal muscle protein mass during growth and atrophy depend on the overall balance between rates of protein synthesis and breakdown. For example, increased proteolysis contributes to the muscle atrophy seen with starvation and many pathological states (eg, sepsis, trauma, and cancer). However, despite its importance in growth and human disease, the regulation of muscle proteolysis by nutritional, hormonal and mechanical factors remains poorly understood (Kettelhut et al, 1988; Sugden and Fuller, 1991; Tawa and Goldberg, 1994) . The purpose of this review is: (i) to outline the limitations of the in vivo and in vitro methods that are used to study muscle protein breakdown; (ii) to analyse the role of the major proteolytic pathways; and (iii) to discuss the regulation of the ATP-ubiquitin-dependent proteolytic process, which is presumably involved in the breakdown of contractile components.
METHODS FOR MEASURING SKELETAL MUSCLE PROTEIN BREAKDOWN
Studying skeletal muscle proteolysis is difficult because myofibrillar proteins represent approximately 60-70% of the proteins and turn over rather slowly under normal conditions (Waterlow et al, 1978) . Even (Waterlow et al, 1978 Another method is based on the loss of radioactivity from prelabeled proteins.
Amino-acid reutilization, however, results in artificially low rates of protein breakdown (Waterlow et al, 1978) .
A third widely used technique is the measurement of urinary 3-methylhistidine excretion. 3-Methylhistidine is formed by a posttranslational methylation of specific histidine residues in actin (and also in myosin heavy chains of fast-twitch skeletal muscles). This amino acid is neither reutilized for protein synthesis nor significantly metabolized, and is quantitatively excreted in urine in rats and humans (Young and Munro, 1978) . Therefore, the urinary excretion of 3-methylhistidine provides an index of myofibrillar protein breakdown. However, the visceral muscles of the gastrointestinal tract and some other tissues (eg, skin) contain significant amounts of actin. These tissues contribute disproportionately for their size to 3-methylhistidine excretion, because of their rapid rates of protein turnover (Wassner and Li, 1982) . In addition, changes in renal clearance of 3-methylhistidine may complicate the interpretation of such experiments. Con- sequently, the use of 3-methylhistidine excretion as a valid and specific index of skeletal muscle protein breakdown is still controversial (Millward et al, 1980; Wassner and Li, 1982 (Barrett and Gelfand, 1989 (Medina etal, 1991; Attaix, 1993; Wing and Goldberg, 1993 (Tischler et al, 1982 (Lowell etal, 1986 (Furuno etal, 1990; Wing and Goldberg, 1993; Taillandier et al, 1994; Temparis et al, 1994) . In addition, lysosomes are not involved in the degradation of myofibrillar proteins (Lowell et al, 1986; Furuno et al, 1990) . Increased (Belkhou et al, 1994) . Cathepsin B or B + L activities were also unchanged in the atrophying muscles of rats bearing a Yoshida sarcoma (Temparis et al, 1994 (Llovera et al, 1994) . Gene expression of cathepsins is also not systematically modified in several muscle-wasting conditions. We recently found no variation in cathepsin D mRNA level in septic rats (Voisin et al, 1994) , or in cathepsin B mRNA level in tumor-bearing animals (Temparis et al, 1994) . By contrast, Taillandier et al (1994) (Chiang et al, 1989) . Proteins containing KFERQ sequences were selectively depleted in the liver and heart but not skeletal muscle of fasted rats, suggesting again that lysosomal proteolysis plays a minor role in muscle-protein breakdown .
The best characterized nonlysosomal proteases are two Ca 2+ -dependent enzymes, p-calpain and m-calpain, which differ in their affinities for Ca 2+ (Goll et al, 1992 ). The Ca 2+ -dependent proteolytic process does not appear to contribute significantly to overall proteolysis in muscles from normal animals incubated under tension (Wing and Goldberg, 1993; Tawa and Goldberg, 1994; Temparis et al, 1994) . The contribution of Ca 2+ -dependent proteolysis to overall protein breakdown remains small in stretched incubated muscles from fasted (Wing and Goldberg, 1993) , non-weight bearing (Taillandier etal, 1994) , and tumor-bearing (Temparis et al, 1994) rats. There are few biological models in which significant changes in calpain activities occur (ilian and Forsberg, 1992) .
Furthermore, an activation of Ca 2+ -dependent proteolysis in tumor-bearing (Baracos et al, 1992) and fasted (Wing and Goldberg, 1993) (Lowell et al, 1986; Kettelhut et al, 1988 (Smith et al, 1993) . A third calpain, p94, which is expressed abundantly only in skeletal muscle, has been recently isolated, and its gene cloned and sequenced (Sorimachi and Suzuki, 1992 (Tanaka et al, 1986) . This cylindrical particle is organized as a stack of 4 rings of 6 (Orlowski, 1990) or 7 (Rivett, 1993) subunits and exists in both the cytoplasm and the nucleus. The rat-liver proteasome contains 13-15 subunits with molecular masses of 21 to 31 kDa (Tanaka et al, 1992 ), but up to 25 different subunits have been identified in eukaryotes (Rivett, 1993) . Proteasomes contain at least 5 types of endopeptidase activities (Orlowski, 1990; Rivett, 1993 Ca 2 +-independent, but ATP-dependent, proteolytic process has also been quantified in incubated muscles (Kettelhut et al, 1988; Tawa et al, 1992; Wing and Goldberg, 1993) . ATP depletion (up to 95%) is performed using 2-deoxyglucose and dinitrophenol that block glycolysis and oxidative phosphorylation, respectively. However, the quantification of the ATP-dependent process must be performed following the inhibition of Ca 2+ -dependent proteases (by E64 and using a Ca 2+ -free medium), because ATP depletion actually stimulates Ca 2+ -dependent proteolysis (Kettelhut et al, 1988; Fagan et al, 1992 (Li and Goldberg, 1976; Li et al, 1979; Lowell et al, 1986) . Increased protein breakdown of non-myofibrillar proteins is presumably mediated by the lysosomal pathway (Lowell et al, 1986; Wing and Goldberg, 1993) . The decreased availability of amino acids and the low level of circulating insulin may contribute to increased proteolysis. Both insulin and amino acids inhibit the formation of autophagic vacuoles in liver (Mortimore et al, 1992) , and protein breakdown in skeletal muscle (Kettelhut et al, 1988 Goldberg, 1993) and the 14 kDa ubiquitin-conjugating enzyme (14 kDa E 2 ), which mediates the formation of ubiquitinprotein conjugates (Wing and Banville, 1994) , accumulation of ubiquitinated proteins, and increased expression of subunits of the 20S proteasome (Medina et al, 1992) . Upon refeeding, total and ATPdependent proteolysis, levels of ubiquitin-protein conjugates, and expression of ubiquitin (Medina et al, 1992 ), 14 kDa E 2 (Wing and Banville, 1994) , or proteasome subunits (Medina et al, 1992) returned to normal. ATP-ubiquitin-stimulated proteolysis was also enhanced in the soluble extracts of skeletal muscle from fasted rabbits (Medina et al, 1992) , in accordance with an increased mRNA level for the C2 proteasome subunit reported by Ilian and Forsberg (1992) in similar conditions.
In young animals fed an inadequate dietary intake both rates of muscle protein synthesis and breakdown fell (Tawa and Goldberg, 1994 (Tawa and Goldberg, 1994 (Furuno etal, 1990 (Medina et al, 1991) and proteasome subunits (Medina et al, 1992) , suggesting that this pathway was responsible for the loss of contractile proteins.
Another example of disuse is real or simulated weightlessness. In such conditions, increased protein breakdown is the major determinant of muscle wasting in antigravity muscles, ie the soleus (Thomason and Booth, 1990 (1990) reported that enhanced proteolysis observed in the soleus muscle from suspended animals occurred by a non-lysosomal mechanism. We have recently found that the lysosomal and Ca 2+ -dependent proteolysis was greatly enhanced (254%) in the soleus muscle of non-weight-bearing rats .
Therefore, the major proteolytic systems are coordinately activated in skeletal muscle during disuse, although there are presumably some differences in increased lysosomal proteolysis in atrophy induced by denervation or unweighting of rat skeletal muscle (Tischler ef al, 1990 (Voisin et al, 1994) . Two days after infection, the mass of several leg muscles was approximately 20% lower in septic rats than in pair-fed controls. Measurements of rates of protein turnover in incubated epitrochlearis muscle of infected animals confirmed that enhanced proteolysis (rather than depressed protein synthesis) was responsible for muscle wasting. mRNA levels for m-calpain, ubiquitin and the C9 proteasome subunit were systematically higher in septic animals than in pair-fed controls, but no change was apparent in cathepsin D expression. lnterieukin-1 (IL-1 ) (Baracos et al, 1983 ) and tumor necrosis factor-a (TNFa) (Flores et al, 1989 ) overproduced by activated macrophages promote muscle catabolism in sepsis. The subcutaneous injection of recombinant IL-1 p together with tumor necrosis TNF-a (10 [ ig of each cytokine/100 g body weight) into rats clearly reproduced the effect of endotoxin on skeletal muscle proteolysis (Attaix and Goldberg, unpublished observations). Both treatments resulted in increased ATP-dependent proteolysis and ubiquitin expression. In addition, pretreatment of rats with either an anti-TNF antibody or the receptor antagonist of IL-1 (IL-1 ra) reduced the increased ATPdependent proteolysis observed in endotoxin-treated rats. However, neither IL-1 nor TNF-a alone affected the ATPdependent proteolytic process. Injecting IL-1 [3 alone increased ubiquitin mRNA levels to the same extent as injecting the mixture of !L-1p and TNF-a, but TNF-a alone was ineffective. Since both cytokines were required for the increase in muscle proteolysis, the rise in ubiquitin mRNA by itself did not cause the enhancement of ATP-dependent proteolysis during infection. The 2 cytokines may synergistically signal increased protein breakdown via distinct and indirect mechanisms, since the mixture of cytokines did not affect ATP-dependent proteolysis when added in vitro. In contrast with our observations, Garcia-Martinez et al (1993) recently reported that a single intravenous injection of TNF-a alone (10 0 pg/100 g body weight) resulted in an accumulation of ubiquitin conjugates in rat skeletal muscle. These discrepant results may reflect differences in the mode of administration of TNFa (ie, intravenous vs subcutaneous).
Skeletal muscle protein wasting is also commonly observed in cancer patients and tumor-bearing animals, and results from impaired protein synthesis and/or enhanced proteolysis (Pisters and Brennan, 1990) . In rats bearing a Yoshida sarcoma, muscles close to the tumor underwent atrophy before generalized muscle wasting was apparent (Temparis et al, 1994 (1992) .
Evidence for increased expression of multiple components of the ubiquitin-dependent proteolytic pathway (ubiquitin, 14 kDa E 2 , or proteasome subunits) was also observed in acidotic rats (Mitch etal, 1994) and following trauma (Baracos and Attaix, unpublished observations). Cathepsin B mRNA level did not change in muscle from acidotic rats, but increased ubiquitin mRNA returned to control levels within 24 h after cessation of acidosis (Mitch et al, 1994) .
Taken together these data strongly suggest that the ubiquitin-dependent proteolytic pathway may be responsible for degrading skeletal muscle proteins resulting in the muscle wasting observed in several pathological conditions. Enhanced ATP-ubiquitin-dependent proteolysis is not due to anorexia that often prevails in such conditions. Enhanced ATP-dependent proteolysis occurred in septic (Voisin et al, 1994) and tumor-bearing (Baracos et al, 1992) (Mitch etal, 1994) . Furthermore, an injection of dexamethasone resulted in increased protein breakdown in epitrochlearis muscle from adult, but not from aged rats (Dardevet ef al, 1994) . Accordingly, mRNA levels for the 14 kDa E 2 and proteasome subunits were increased in dexamethasone-treated adult animals, but not in aged rats.
Insulin (Wing and Banville, 1994) and IGF-1 (Wing and Banville, 1992) have been reported to lower mRNA levels for the 14 kDa E 2 in rat L6 myotubes, but the significance of these observations in vivo is unclear. Levels of both insulin and IGF-1 fall with fasting and increase upon refeeding.
These variations could be related to increased and decreased 14 kDa E 2 expression seen in muscle upon fasting and refeeding, respectively (Wing and Banville, 1994) . Finally, there is some evidence that hypothyroidism may result in reduced ATPdependent proteolysis by altering the content of 26 S and 20 S proteasomes in skeletal muscle (Tawa and Goldberg, 1994) .
Substrates of A TP-ubiquitin-dependent proteolysis in muscle and the rate limiting step
The best known substrates of the ubiquitin proteolytic pathway are short-lived or denatured, misfolded, and mislocalized proteins (Rechsteiner, 1991 (Kettelhut et al, 1988; Medina et al, 1991; Tawa and Goldberg, 1994) , in striking contrast with inhibitors of lysosomal and Ca 2+ -dependent proteolysis (Lowell et al, 1986; Furuno etal, 1990) . Second, the rise in ubiquitin-protein conjugates was recently found in the myofibrillar fraction, suggesting that long-lived contractile proteins could be degraded by this pathway (Tawa and Goldberg, 1994 (Medina et al, 1992) or tumor-bearing (Llovera etal, 1994) rats suggested that the proteolytic activities of the proteasome could be the rate limiting step. In addition, we have observed increased mRNA levels for both ubiquitin and the 14 kDa E 2 in muscles from rats bearing a Yoshida sarcoma for a few days (Temparis et al, 1994 (Temparis et al, 1994; Voisin et al, 1994) or the lysosomal process (Baracos et al, 1992; Wing and Goldberg, 1993) or both (Furuno et al, 1990; llian and Forsberg, 1992; Taillandier 1993) seems to prevail in different types of muscle wasting. This is not unexpected, assuming that these pathways may serve to eliminate different classes of proteins. The lack of detectable activation of a given proteolytic system (eg, the Ca 2+ -dependent proteolytic -process in fasted rats, Wing and Goldberg, 1993) or protease (eg, cathepsin D in septic rats, Voisin etal, 1994) in a given musclewasting condition is more intriguing. Several explanations may account for these observations. First, it has been suggested that the breakdown of myofibrillar and nonmyofibrillar proteins could be regulated independently (Lowell etal, 1986; Furuno etal, 1990; Wing and Goldberg, 1993 (Combaret et al, 1994 ) consistent with Ca 2+ -stimulated proteolysis (Turner et al, 1988; MacLennan et al, 1991 By contrast, the lysosomal and the ATP-dependent proteolytic pathways could constitute a single entity. Gropper et al (1991 ) have shown that ubiquitinated proteins can be detected in the lysosome and that the ubiquitin-activating enzyme, E 1 , was required for stress-induced lysosomal degradation of proteins. However, the presence of ubiquitin within lysosomes only appears to be relevant in neurodegenerative diseases (Mayer et al, 1991 ) .
CONCLUDING REMARKS
In recent years, significant progress has been made in understanding the mechanisms that regulate ATP-ubiquitin-dependent proteolysis in skeletal muscle. However, these studies raise many questions. The .
These variations were associated with increased mRNA levels for ubiquitin, 14 kDa E 2 , and HC2 and HC8 proteasome subunits in muscle biopsies from head trauma patients (Vincent-Mansoor et al, 1994) . Thus, the ATP-ubiquitin-dependent proteolytic pathway could play an important role in muscle wasting in some human diseases.
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